Q u a n tita tiv e stu d ie s o n th e in h ib itio n b y h a p te n e s o f th e a n tig e na n tib o d y p r e c ip ita te h a v e b e e n m a d e o n th r e e s y s te m s :
1. P n e u m o c o c c u s ty p e I I p o ly sa c c h a rid e a n d ty p e I I a n tis e ru m , w ith so d iu m e u x a n th a te as in h ib ito r.
2. P a r tia lly h y d ro ly s e d c h e rry g u m a n d ty p e I I p n e u m o c o c c u s a n t i se ru m , w ith so d iu m e u x a n th a te as in h ib ito r.
3. A to x y l-az o -e g g a lb u m in a n d a to x y l-a z o -g lo b u lin a n tis e ru m , w ith a to x y l a s in h ib ito r.
I n all th r e e s y ste m s th e in h ib itio n b y a g iv e n c o n c e n tra tio n o f h a p te n e v a rie d v e r y little o v e r a w id e ra n g e o f a n tig e n /a n tib o d y ra tio s . W h ile th e a m o u n t o f p r e c ip ita te d e p e n d s m a in ly o n th e to ta l a m o u n ts o f a n tig e n a n d a n tib o d y , v a ry in g little w ith d ilu tio n , th e d eg ree o f in h ib itio n d e p e n d s on th e c o n c e n tra tio n a n d n o t th e to ta l a m o u n t o f h a p te n e .
I n sy ste m 1 th e re w as o n ly p a r tia l in h ib itio n e v e n w ith h ig h c o n c e n tra tio n s o f h a p te n e . T h e c o n c e n tra tio n o f h a p te n e r e q u ire d to g iv e h a lf th e m a x im u m effect w as a b o u t s ix te e n tim e s a s g r e a t a s in s y s te m 2.
I n sy ste m 3, th e r a tio o f a n tib o d y to a z o -p ro te in in th e p r e c ip ita te is lo w ered b y th e p rese n ce o f h a p te n e . T h e re a re w id e v a r ia tio n s in se ra fro m d iffe re n t r a b b its in th e c o n c e n tra tio n o f h a p te n e re q u ire d to g iv e th e sa m e d eg ree o f in h ib itio n .
T h e b e a rin g o f th e se re s u lts is d isc u sse d o n th e n a tu r e o f th e a c tio n b e tw e e n a n tig e n a n d a n tib o d y .
Since the discovery by Landsteiner (1920) that the precipitation of a protein containing an artificially introduced 'determinant group' by the specific antiserum is inhibited by small molecules-'simple haptenes'-containing the determinant group, many workers have studied the inhibi tion phenomenon, and have used it to throw light on a number of aspects of immunology. Thus Landsteiner (1920) , Landsteiner and van der Scheer (1936), Goebel, Avery and Babers (1934) and Wormall (1930) , among others, have used inhibition to elucidate details of the chemical specificity towards their antisera of antigens containing artificially introduced groups. Marrack and Smith (1932) and Haurowitz and Breinl (1933) have shown by dialysis methods that haptene and antibody actually combine. When, following the isolation of specific polysaccharides from the various sero-logical types of the pneumococcus, cross-precipitation was shown between type II antiserum and certain weakly hydrolysed gums, it was the observa tion that glucuronic acid or certain of its compounds was a common inhibitor which suggested that glucuronic acid was a ' determinant group ' at least partly responsible for the specificity of type II pneumococcus and its antiserum, and led to the work with protein-glucuronic compounds confirming this suggestion (Woolf 1941; Goebel 1936) . There are indications, such as the observation of Heidelberger and Kendall (1933) , that precipita tion of type III pneumococcus polysaccharide by the type antiserum is inhibited by polysaccharide hydrolysis products, that the skilful use of the inhibition technique may afford a great deal more information about the chemical basis of specificity between natural pathogens and their antisera.
Almost all these important results have been obtained by the very rough semi-quantitative technique of judging by inspection, and expressing in terms of plus signs, the amount of precipitate produced under various conditions. It seemed desirable to study the phenomenon on a more strictly quantitative basis. In enzyme chemistry, quantitative studies of the effect of competitive inhibitors have been of the utmost value in elucidating the mechanism of enzyme action. Similar valuable information might reasonably be expected from quantitative studies of immunological inhibition by simple haptenes. The results described in this paper are a first approach into this wide field.
Observations have been made on three systems: 1. Pneumococcus type II polysaccharide and type II antiserum, with sodium euxanthate as the inhibitor.
2. Partially hydrolysed cherry gum and type II pneumococcus anti serum, with sodium euxanthate as inhibitor.
3. Atoxyl-azo-egg albumin and atoxyl-azo-globulin antiserum, with atoxyl as inhibitor.
In systems 1 and 2, the serum used was a potent horse type II pneumo coccus antiserum. The type II polysaccharide (hereafter referred to as S.S.S. II) was prepared as described by Felton, Kauffmann and Stahl (1935) . The cherry gum was partially hydrolysed by dilute hydrochloric acid at room temperature, as described by Heidelberger, Avery and Goebel (1929) .
It has been shown by Marrack and Carpenter (1938) that glucuronic acid and its compounds completely inhibit precipitation by the serum of partially hydrolysed gums, and delay the appearance and reduce the amount of precipitate given with S.S.S. II. The object of the experiments to be described was to obtain a quantitative measure of these effects. nes and the reaction between antigens and antibodies 71 Figure 1 shows the precipitate obtained from 1 ml. of the serum with varying amounts of S.S.S. II. Precipitation was carried out in small centrifuge tubes. Each tube contained 1 ml. of serum, and the required amount of a neutral solution of S.S.S. II in 0*9 % sodium chloride, made up to a volume of 4 ml. with 0*9 % sodium chloride solution. All solutions were cooled in ice, and mixing was done in a water and ice bath. The tubes were left in the refrigerator for 24 hr. The precipitate was then centrifuged down, washed twice in the centrifuge in ice-cold physiological saline, dissolved in dilute alkali, and the nitrogen estimated by the microKjeldahl method of Parnas and Wagner. The curve is similar to that given by Heidelberger and Kendall (1929, I935a )* The arrow shows the 'optimum ratio' at which precipitation is first observed. The maximum precipitate after long standing is given at a considerably higher S.S.S. II/serum ratio. The maximum amount of nitrogen precipitated from 1 ml. of the serum was 0*88 mg. Figure 2 shows the inhibiting effect of increasing concentrations of euxanthic acid at 'optimum ratio'. Each tube contained 1 ml. of serum, 0*018 mg. of S.S.S. I I (corresponding to point B in figure 1 ) and the required amount of a neutral solution of sodium euxanthate made isotonic with sodium chloride, the volume being brought to 3 ml. with 0*9 % sodium chloride solution. Precipitation and estimation were carried out as described above. The alkaline solution of the precipitate after washing was colourless, showing that it did not retain euxanthic acid.
The curve shows that the maximum inhibition is about 57 %. The con centration of euxanthic acid giving half the maximum effect is about 0*008 m . Figure 3 shows the inhibiting effect at three different values of the S.S.S. II serum ratio. Curve A was obtained with 0-008 mg. of S.S.S. II per ml. of serum, corresponding to point A in figure 1. Curve had 0-018 mg. of S.S.S. II, and curve G had 0-1 mg. of per ml. of serum, corresponding to points B and C in figure 1. It will be seen that the inhibiting effect does not vary markedly with widely different amounts of S.S.S. II. F ig u r e 2 F ig u r e 3 Figure 4 shows a similar set of curves, obtained with the weakly hydro lysed cherry gum. The maximum amount of nitrogen precipitated from 1 ml. of the serum by cherry gum was about 0-4 mg., being about 4 5 % of the amount precipitated by S.S.S. II. The 'optimum ratio ' was 0-027 mg. cherry gum per ml. of serum. Curve B was obtained with the optimum ratio, curve A with half the quantity of gum (0-0135 mg. per ml. of serum) and curve G with excess of gum (0-1 mg. per ml. of serum). The total volume in each tube was 4 ml.
The figure shows that the inhibiting effect is not greatly altered over a wide range of gum/serum ratios. Curve C is somewhat steeper than the others, but the effect is not very big, as shown by the following values read off from the curves:
T a ble 1 m g. c h e rry g u m m o la r c o n c e n tra tio n p e r m l. se ru m o f e u x a n tlia te g iv in g 50 % in h ib itio n The figure also shows that the cherry gum precipitation is much more easily inhibited than that with S.S.S. II, which required about sixteen times as much euxanthate to give half the maximum effect. Curve G of figure 4 is shown in figure 2, so that the relative effects can be compared.
0-0005
m o la r c o n c e n tra tio n o f e u x a n th ic ac id F ig u r e 4
Both with the S.S.S. II and with the gum (Marrack and Carpenter 1938) , the amount of precipitate depends on the quantities of serum and poly saccharide, and is very little affected by dilution of the reaction mixture. In order to test whether the inhibiting effect of the haptene depends on the concentration or the total amount in the mixture, the following experiment was done. Six tubes were put up, each containing 1 ml. of serum and 0*027 mg. of cherry gum. Tubes 2, 4 and 6 contained in addition 0*5 ml. of 0*004 m euxanthate. The total volumes were made up with saline as shown in table 2.
The amount of precipitate in the uninhabited tubes (nos. 1, 3, 5) is seen to be independent of concentration within the range of 2-8 ml. The degree of inhibition, on the other hand, varies with haptene concentration. The results are plotted in figure 5. The curve is curve B of figure 4, showing the inhibiting effect of euxanthate in the same gum-serum mixture in a constant volume of 4 ml. The points fit well on the curve, showing that the inhibiting effect of the haptene depends only on the concentration, and not on the total amount in the mixture. In the third system studied, the antiserum was obtained from rabbits immunized with horse globulin coupled with diazotized atoxyl (p-aminobenzene-arsinic acid). The test antigen was atoxyl-azo-egg albumin. The inhibitor was atoxyl. This system has the advantage that both antigen and antibody can be estimated in the precipitate, so that the effect of the haptene can be measured on the composition as well as the amount of the precipitate. It has, so far as these experiments are concerned, the dis advantage that serum prepared from a large animal like the horse was not available. Only a limited number of tests can be carried out on the serum obtained from one bleeding of a rabbit; and the properties of the sera obtained from successive bleedings of a single rabbit are not identical, still less the sera from different rabbits.
The azo-protein for immunization was made by coupling 0-1 g. of atoxyl to 1 g. of horse serum globulin. For the test antigen, 0-4 g. of atoxyl was coupled to 1 g. of twice recrystallized egg albumin. After coupling was complete, the azo-protein was purified by being several times precipitated with dilute hydrochloric acid and redissolved in dilute sodium hydroxide, followed by dialysis in the refrigerator against several changes of 0-9% sodium chloride solution. Any precipitate formed was centrifuged off. The azo-protein solution so obtained was a neutral, clear red fluid, isotonic with serum.
The rabbits were immunized by intravenous injections of the azo globulin solution, twice a week for six weeks.
The haptene solution consisted of atoxyl neutralized with sodium hydroxide, containing enough sodium chloride to make it isotonic with serum.
Precipitation was carried out in centrifuge tubes as described above. For estimation, the precipitate after washing was dissolved in a little dilute sodium hydroxide, transferred quantitatively to a measuring vessel, and made up with water to 1 ml. It was then compared in a microcolorimeter with a suitable dilution of stock azo-protein solution, made alkaline with sodium hydroxide. This procedure was tested by precipitating the azo-protein with a large excess of serum, when the antigen is all precipitated. The colorimeter readings accorded closely with the amount of azo-protein in the mixture.
The azo-protein nitrogen in the precipitate was calculated from the colorimeter reading and the nitrogen content of the test antigen solution. The whole of the precipitate was then washed into a hard glass tube, and the total nitrogen estimated by the micro-Kjeldahl method of Parnas and Wagner. The difference between the two figures is the antibody nitrogen. The term 'A/P ratio' will be used to denote the ratio of antibody nitrogen to azo-protein nitrogen in the precipitate. Table 3 gives some results with a serum (rabbit 622) whose 'optimum ratio' was about 0-085 mg. of azo-protein nitrogen to 1 ml. of serum. Each tube contained 1 ml. of serum and the stated amount of azo-protein and haptene, in a total volume of 4 ml.
It will be seen that the A/P ratio falls in presence of haptene at least with the lower concentrations of antigen. This result may seem para doxical. It might be expected that the haptene, by competing with the azo-protein for, and blocking some of, the receptive areas on the antibody, would cause each unit of antibody to take up less azo-protein, so that the ratio would rise. This question is further discussed below. the reaction between antigens and antibodies 77 Results obtained with another batch of serum from rabbit 622 are shown in figures 6 and 7. Figure 6 shows the effect of varying amounts of azoprotein on the quantity and composition of the precipitate obtained with 1 ml. of serum, the total volume in each tube being 4 ml. The full lines (scale on left) show the antibody nitrogen and the azo-protein nitrogen in the precipitate. The broken line (scale on right) shows the A/P ratio. It will be seen that this ratio falls steeply at first, and then, after the maximum precipitation point, the graph forms a much less steep straight line. Similar curves for the A/P ratio were obtained by Heidelberger and Kendal (19356) for an azo-protein and rabbit serum, and by Woolf (1941) for amino-euxanthie acid-azo-protein and type II pneumococcus antiserum. Figure 7 shows the inhibiting effect of atoxyl on a mixture corresponding to point A on figure 6. The numbers on the curve give the A/P ratio at each point. This ratio falls at first, but then rises slightly. The following experiment was done to test the reversibility of the union between antigen and antibody in presence of haptene. Three tubes were put up, each containing 1 ml. serum and azo-protein of nitrogen value 0-045 mg., the mixture used for the curve in figure The tubes were kept in the refrigerator for 3 days. After the addi tion to tube 3, the precipitate was rubbed up several times a day with a glass rod. The usual estimations were made, giving the results shown in Addition of the haptene after the precipitate is fully formed gave threequarters of the inhibiting effect found in tube 2, and the characteristic fall in the A/P ratio. This accords with the observation that the precipitate is completely soluble in high concentrations of haptene. It is possible that complete reversibility is prevented by the difficulty of rubbing up the precipitate so that the haptene has full access to all of it. Figure 8 shows the difference in the inhibiting effect of atoxyl, under comparable conditions, on sera from different rabbits. The curve marked 'serum 622' is that shown in figure 7. The other curve was obtained in a m o la r c o n c e n tra tio n o f a to x y l F ig u r e 8 similar way with serum from rabbit 428. The numbers give the A/P ratios. It will be seen that serum 428 is much less easily inhibited. The atoxyl concentrations giving 50 % inhibition are as follows: In comparing the behaviour of the specific polysaccharide and the gums towards the pneumococcus antiserum, the following differences are ob served :
The polysaccharide gives more precipitate than the gums.
The polysaccharide precipitate appears much more quickly than that with the gums. It is also probably true that the gums stand in the same order among themselves for minimum time of first formation of precipitate and for total amount of precipitate finally formed (Marrack and Carpenter 1938).
The polysaccharide requires far more haptene than the gums for the same relative degree of inhibition. The gums stand in the same order among themselves for amount of precipitate in absence of inhibitor and for con centration of haptene to give the same degree of inhibition (Marrack and Carpenter 1938) .
The polysaccharide precipitate is only partially, and the gum precipitates wholly, inhibited by excess of haptene.
The first three of these differences suggest the possibility, to be tested by further experiments, that speed of precipitate formation, total amount of precipitate, and ability to resist inhibition, are three aspects of the same phenomenon, the relative avidity of the antibody for the antigen.
It is not to be expected that haptene inhibition of an immunity reaction should show the same quantitative features as competitive inhibition of an enzyme action. The action between antigen and antibody, depending on amount of each present and not on concentration, giving a stable insoluble antigen-antibody complex, and showing the zone phenomenon, is vastly different to the action between enzyme and substrate, which depends on concentration, gives a soluble unstable enzyme-substrate intermediate compound, and, at any rate in many cases, is not inhibited by excess of substrate.
It may be assumed, however, on the basis of the dialysis experiments, that the haptene competes by forming a reversible compound with the receptive areas of the antibody. If the first stage in precipitate formation is a reversible combination between antigen and antibody, the impeding effect of a given concentration of haptene will vary inversely with the rate of this combination. The haptene may, of course, also interfere with the later stages that give rise to the insoluble precipitate. If this is the case, then velocity of precipitate formation and resistance to inhibition should, for a series of antigens with the same serum, always vary together. The results so far found by previous workers, and those described above, are consistent with this view. But it needs to be more thoroughly tested.
If such a view is valid, it gives the quantitative measure of inhibition an importance as being a measure of the affinity of antibody for antigen. The total amount of precipitate with cherry gum, in the experiments described above, was nearly half that with the specific polysaccharide. But the concentrations of haptene needed to give 5 0 % of the maximum inhibi tion varies as 1 6 : 1. Inhibition is thus a far more sensitive index than total precipitate. Time of first appearance of precipitate is also a more sensitive indicator than total precipitate, but it is difficult to measure quantitatively.
The fall in the A/P ratio with increase of haptene calls for some dis cussion. It might be expected that the haptene would increase the ratio, as explained above. But the following hypothesis, which is capable of experi mental test, may be tentatively put forward. The haptene causes the total amount of precipitate to decrease. Its action may therefore, to a first approximation, be divided into two effects:
1. Removing a proportion of antibody entirely from the sphere of action, by blocking it up and rendering it inaccessible to antigen.
2. In that portion of the antibody which does combine with antigen, blocking some of the receptive areas and so decreasing the number of antigen particles taken up per unit of antibody.
The first of these effects would cause the A/P ratio to fall (see dotted curve in figure 6 ). The second would cause it to rise.
If this explanation be true, the fall in the A/P ratio should be less than that attributable to the first effect alone. The data, so far as they go, are partly consistent with this view. Thus, in figure 7, the A/P ratios at points B and G are 9 and 10|. If the inhibition were caused only by the removal of a proportion of antibody from the sphere of action, the effective mix tures would correspond to points B and C in figure 6 , and the ratios would be 8 and 7. On the other hand, some of the results shown in table 3 do not appear to be consistent with this hypothesis. It is obviously necessary to investigate the question more thoroughly. It is difficult to do so with rabbit serum, where only a few estimations can be done with the product of one bleeding. A suitable system would be pneumococcus type II antiserum and amino-euxanthic acid-azo-protein, with euxanthic acid as inhibitor. The fact that partial inhibition only is obtainable with the specific polysaccharide may be explained in two ways. It is possible that there is some other determinant group in the molecule besides glucuronic acid, responsible for part of the specificity. The fact that precipitates are obtained from the antiserum with flax-seed mucilage, which are not inhibited by glucuronides (Marrack and Carpenter 1938) would support this view. The other possibility is that the determinant group is closely related to, but not identical in configuration with, the glucuronic acid residue as present in euxanthic acid, and that only those antigenic com bining groups of a somewhat wide specificity are inhibited. This view is consistent with the findings of Landsteiner and van der Scheer (1936) . It may be possible to decide between these alternatives in the following ways. First, by attempting to find the hypothetical determinant group common to flax-seed mucilage and the specific polysaccharide, by testing for inhibiting power other chemical groupings present in the polysaccharide molecule. Second, it should be possible, by precipitating the serum with small quantities of the polysaccharide in presence of excess haptene, centrifuging off the precipitate and dialysing off the haptene, to separate the 'nonglucuronic-sensitive5 portion of the serum. This could then be tested to see whether it differed in specificity and sensitiveness to inhibitors from the whole serum.
The above are some of the lines of work opened out by the preliminary studies described in this paper. It seems reasonably certain that more extended investigations of the quantitative effects of haptenes under different conditions will yield results throwing a great deal of light on the mechanism of immunity reactions.
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I n tr o d u c tio n
The properties of interphases and of membranes can be studied by observing their behaviour when subjected to electrical polarization. The use of direct currents over short periods of time gives information from a single experiment comparable to a series of observations with alternating current of varying frequency, and over longer periods allows observations to be made of the effect of the concentration changes produced by electro lysis. Investigations of solution-metal interphases have been undertaken on these lines by many workers (for references see Gatty and Spooner 1938), both under conditions of constant polarizing potential and of constant * Note by communicator.-T h is c o m m u n ic a tio n b y O. G a tty w as v ir tu a lly c o m p le te d before his d e a th , d u e to a n a c c id e n t in w o rk w h ich h e w as c a rry in g o u t on b e h a lf o f his c o u n try . I n rev isio n a n d p re p a rin g for P re ss I h a v e ta k e n th e lib e rty o f m ak in g a few te x tu a l a lte ra tio n s.
